Induction of resistance by salicylic acid (SA) exogenous treatment is a complementary approach to control plant diseases. SA effect on Potato virus X (SPCP1 strain) e infected tomato plants was examined by analyzing their physiological parameters and proteomic profiling at initial infection. PVX-SPCP1 altered photosynthesis and carbohydrate synthesis proteins and elicited stress proteins. SA partially offset reduction in photosynthetic rate during infection by increasing mesophyll conductance. SA counteracted these changes through stabilization of photosystem II, increased proteins related with thermotolerance and stress, and decreased proteins related with stomatal opening. The strongest effects of SA occurred at the beginning of the pathogenesis cycle.
Introduction
Plant infection by microbial pathogens induces deep metabolic changes which may be identified by analyzing the plant transcriptome and corresponding proteome profiles. Studies about protein expression changes have led to the identification of complex biochemical pathways and mechanisms in several pathosystems such as the interaction between banana and Fusarium oxysporum f.sp. cubense [42] ; sugar beet and either a traditional Atype strain or a Rz1 resistance breaking strain of Beet necrotic yellow vein virus (BNYVV) [36, 67] ; apple and the fungus Colletotrichum gloeosporioides [54] , and many others.
Pathosystems in need of further investigation are those of Potato virus X (PVX), type member of the Potexvirus genus (Fam. Alphaflexiviridae), in different host plant species. PVX is one of the most common plant viruses and causes great economic losses to solanaceous crops around the world [1] . This virus induces mild to no symptoms, but increased symptom expression has been observed in mixed infections with other plant viruses [11, 47] .
Systemic acquired resistance (SAR) can provide long-term defense in plants against a broad-spectrum of pathogens. SAR is mediated by the phytohormone salicylic-acid (SA) [29] , which is induced in plants in response to various abiotic and biotic stresses [30] . Exogenous application of SA affects many physiological processes such as transpiration rate [35] , stomatal closure and regulation [45, 52] , membrane permeability [7] , growth and photosynthesis [5, 18, 24] , lignin deposition [22] , and antioxidant capacity [3] . Although it has been established that endogenous SA interferes in three main stages of the plant virus cycle: cell-to-cell movement, long distance movement, and replication [2, 46, 58, 61] , the efficacy of exogenous SA treatment for plant virus diseases control needs to be adjusted for every plant viral pathosystem.
Although some effects of SA on PVX-infection in plants have been reported before [38] , the relationships between physiological parameters and corresponding protein expression during plant virus infection is poorly known. Our previous work demonstrated a delay in viral infection for tomato plants inoculated with an asymptomatic PVX strain (CP4, accession no. AF172259.1) after a previous application of SA [19] . Advancing our study and continuing to work in the context of considering SA as a disease control treatment, the work herein expands upon our findings by determining if continuous exposure of the plant to exogenous SA can retard or contain the infection by a PVX strain (SPCP1, accession no. KJ631111) that induces symptoms in tomato and is phylogenetically distanced from PVX-CP4. In the present research we evaluate plant growth and photosynthetic parameters in kinetic experiments, and compare leaf proteome profiles across different treatment combinations. Within this framework, we identify changes that occur in photosynthetic parameters of the leaf and in the tomato proteome when plants were treated with different concentrations of SA and infected by PVX (SPCP1 strain). This experimental design serves as part of a broader program in search of a deeper mechanistic understanding of the physiological and biochemical events that occur during the SA-plant-virus interactions.
Materials and methods

Plant material, growth conditions and PVX strain
Experiments were conducted in a growth chamber at constant temperature of 22 C and 12 h photoperiod. Three tomato seeds (Solanum lycopersicum L. cv. Boludo) were sown in pots (500 cc) with autoclaved commercial substrate (Traysubstrat ® , KlasmannDeilmann, Gmbh, Geeste, Germany). After seedlings emerged, only one seedling was maintained per pot. For plant inoculation, a Spanish isolate of Potato virus X (PVX) (Accession number: KJ631111 corresponding to SPCP1strain) from lyophilized infected tomato tissue was used.
Experimental design, SA application and PVX inoculation
Experimental trials were carried out in six plots with 20 plants per plot, in a completely randomized design (TRD). Salicylic acid was applied by spraying the foliage of the plant with an aqueous solution at two dilutions, 1.5 mM (SA1) and 3.5 mM (SA2), of commercial salicylic acid (Rhodia, France). Treatment 1 was the negative control (no SA treatment nor PVX inoculation), treatments 2 and 3 corresponded to SA1 and SA2 respectively without PVX inoculation, treatments 4 and 5 were SA1 and SA2 respectively and PVX inoculation, and treatment 6 was PVX inoculation without SA treatment. The first SA treatment was applied when tomato plants were at the four true-leaf stage and thereafter SA was applied once a week during the experiment time period. Mechanical inoculation with PVX was performed two days after the first SA application in both treated and non-treated plants. Sampling times and timelines for each analysis are detailed in Fig. 1. 
PVX detection
Viral infection was detected by DAS-ELISA using a polyclonal antiserum against PVX (Loewe Biochemica GmbH) and a standard protocol [12] . The leaf adjacent to the inoculated leaf of 5 plants per treatment was collected and analyzed by the ELISA test at 5, 7, 12 and 14 dpi. Absorbance was measured at 405 nm using a Microplate Spectrophotometer (Biorad, model 680) and samples with absorbance levels that were at least three times the value of non-PVX inoculated tomato plants (negative control) were considered positive.
Plant growth and root analysis
The height of five tomato plants per treatment was measured at end of the experiment (16 days after the first SA application) and the roots of 3 plants per treatment were examined at 2dpt (days post SA treatment)/0dpi (days post inoculation with PVX), 7dpt/ 5dpi and 14dpt/12dpi. The roots were carefully washed with tap water to avoid tissue damage, and preserved in 50% ethanol (w/w) at 4 C until further analysis. Root images were obtained with an Epson Perfection V700 modified flatbed scanner. Roots were analyzed for length, volume, surface area, number of tips, forks and average diameter using WinRHIZO software (version 2009; Regent Instruments Inc., Quebec, ON, Canada).
Analysis of physiological parameters
Photosynthetic rates (A) were obtained by an infrared gas analyzer (Walz GFS-3000, Heinz Walz GmbH, Effeltrich, Germany). The system was equipped with a LED-Array/PAM-Fluorometer 3055-FL and was set to follow growth-chamber conditions (photosynthetic active radiation: 500 mmol m À2 s
À1
, relative humidity: 90% and C0 2 concentration: 500 ppm). Measurements were taken in 5 plants per treatment. Dark respiration (R d ) was estimated from measurements of net CO 2 exchange after switching off the light source for ca. 2min. Mesophyll conductance (g m ) was calculated from gas exchange values and fluorescence kinetics as described in Ref. [20] . Measurements were performed at 5, 7, 12 and 14 days post PVX-inoculation (dpi) (Fig. 1 ).
Total protein extraction
For proteomic analysis, one gram of leaf tissue per plant (3 plants per treatment) was collected and directly immersed in liquid nitrogen and stored at À80 C. After this, 0.1 g of each sample was ground and 2 ml of 10% TCA (trichloroacetic acid (Sigma)) in acetone þ 20 mM DTT (dithriothreitol; GEHealthcare) and protease inhibitor (complete ULTRA Tablets, Mini, EDTA-free, EASYpack, Sigma) was added and mixed by vortex. After centrifugation at 14,000 rpm at 4 C for 30min, the supernatant was discarded and the pellet washed 3 times with 2 mL acetone þ20 mM DTT and dried on ice (10e30 min). Total protein was eluted in 100e250 mL of lysis buffer (PER 4, Sigma). Protein content was measured by the Bradford method (Bio-Rad Protein Assay Dye Reagent Concentrate), using bovine serum albumin (BSA) as a standard.
Protein analysis
Total protein extracts containing 100 mg of total protein were separated by 2D-PAGE analytical gels. Three experimental replicates were performed for each treatment. For preparative gels, ~500 mg of protein were applied. Samples were mixed with rehydration buffer (7 M urea, 2 M thiourea, 1% C7BzO detergent, 40 mM Trizma Base, 50 mM DTT, 1% IPG buffer pH 3e10 (GEHealthcare), and 0.002% bromophenol blue) in a total volume of 200 mL.
After testing several conditions, the following protocol for 2-DE gels was used: Isoelectric focusing (IEF) of passively rehydrated 18-cm IPG strips (pH 5e8) was performed in a Protean IEF Cell system (Bio-Rad) following the manufacturer's instructions. IEF used a sequential gradient procedure of 50 V/20 C/14 h. The current limit was 50 mA per IPG strip. Focused strips were stored at À80 C until the second dimension was performed. After IEF separation, the gel strips were incubated for 15min in the equilibration buffer (375 mM Tris base, 6 M urea, 20% glycerol, 2% SDS) containing 2% DTT, followed by 15min in the same buffer containing 2.5% iodoacetamide instead of DTT. Two equilibrated 18-cm gel strips were loaded in each 12.5% polyacrylamide gel (22 cm Â 20 cm Â 1 mm) for the second-dimension separation in an Ettan DALTsix Electrophoresis Unit (GE Healthcare). Electrophoresis was carried out in SDS-PAGE gels of 12.5%. Gels were stained with Flamingo™ Gel fluorochrome (Bio-Rad) according to the manufacturer's instructions. Image was acquired with the Versadoc MP4000 system (Bio-Rad).
In-gel protein digestion and MS analysis
Selected spots were manually excised from gels, digested with trypsin using 96-well perforated plates and a MultiScreen™ HTS Vacuum Manifold (Millipore). Each gel piece containing the protein was minced, washed twice with deionized water and dehydrated with 50% ethanol in 50 mM NH 4 HCO 3 for 10min, and then with 100% ethanol for 10 min.
Gel pieces were then reduced with 10 mM DTT in 50 mM NH 4 HCO 3 for 1 h at 56 C and alkylated with 55 mM iodoacetamide in 50 mM NH 4 HCO 3 for 30 min at room temperature in the dark. After this, the gel pieces were washed twice in 50 mM NH 4 HCO 3 for 15min and dehydrated with 5% acetonitrile (ACN) in 25 mM NH 4 HCO 3 for 15min, 50% ACN in 25 mM NH 4 HCO 3 for 15min twice and finally with 100% ACN for 10min. After total CAN evaporation, 15 ml of 20 ng ml À1 trypsin in 25 mM NH 4 HCO 3 was added and left at 4 C for 45min to allow full rehydration of gel pieces with the trypsin solution. The gel pieces were then covered with 25 mM NH 4 HCO 3 and incubated at 37 C overnight for proteolysis. Following digestion, eluted peptides were transferred to a new Eppendorf tube. One ml of the digested protein was used for a first peptide mass fingerprints (PMFs) analysis. If necessary, the minced gel was washed three times more with 0.25% trifluoroacetic acid (TFA) in 50% v/v ACN, twice with 100% ACN, evaporated in a SpeedVac (Savant) and then re-suspended in 5 ml of 70% ACN-0.1% TFA to collect remaining peptides. One microliter ml of peptide solution was spotted per well on a MALDI target, and allowed to evaporate at room temperature before being covered with 1 ml of a saturated solution of a-cyano-4-hydroxycinnamic acid prepared in 50% v/v ACN containing 1% TFA. Mass calibrations were carried out using a standard peptide mixture. Mass spectra were acquired using Autoflex Speed MALDI-TOF/TOF mass spectrometer (Bruker Daltonics). The experimental design had three biological repetitions with three experiments each.
Database search and protein identification
Protein identification was performed using MALDI-TOF mass fingerprint (PMF) and MALDI-TOF/TOF. PMF and MS/MS spectra were compared against SwissProt, Plants EST, and NCBInr and TrEMBL databases, using the search engine MASCOT algorithm (Version 2.4, Matrix Science, London, UK). The following parameters were used for PMF database searches: monoisotopic peptide masses; allowed modifications, cysteine carbamidomethyl (fixed), oxidation of methionine (variable); one trypsin missed cleavage and a maximum of ±100 ppm mass accuracy. Search parameters used for MS/MS searches were also the same as for PMF with a maximum MS/MS tolerance peptide of ±0.4 Da.
Statistical analysis
Statistical analyses of physiological data were performed using the JMP ® software version 8.0 (SAS Institute, Cary, NC USA). The analysis was carried out separately for each sampling time (see Fig. 1 ). The interaction between PVX-SPCP1 and the different SA doses was evaluated for each parameter measured. To separate means a Fisher's Least Significant Difference (LSD) was conducted. Spot detection and gel analysis was first conducted with the PDQUEST program (Bio-Rad) and the second time, manually. Normalization was performed with the regression model LOESS [15] . Only the spots present on all of the gel replicates were used for statistical analysis. Ratios between two expressed conditions were calculated as the mean of three independent values for each spot from the 2D gel electrophoresis analysis ± standard error. Spots lacking quantitative signal or too high quantitative variation between replicates, or spots with mixed proteins, were not considered for further analysis.
Results and discussion
PVX detection
DAS-ELISA confirmed that PVX-inoculated plants were infected and SA treatment (overall) caused a delay for immuno-detection of PVX-SPCP1 up to 14dpt (Fig. 2) , consistent with our previous study with the asymptomatic strain, PVX-CP4 [19] . Most likely, SA treatment delayed the systemic movement of the virus (since only systemic leaves were analyzed with the time-course experiment). Infected tomato plants without SA treatment showed the mosaic symptoms typically induced by PVX-SPCP1. However, the SAinduced delay in virus detection was earlier for PVX-SPCP1 than in previous work for PVX-CP4. The induction of symptoms and more rapid virus detection by ELISA, is probably on account of more rapid systemic movement, indicating that the SPCP1-PVX strain is more virulent and aggressive than the asymptomatic CP4-PVX strain; findings consistent with the suggested relationship between symptom severity and coat protein phylogenetic distance among these PVX strains [16] .
Effects of SA and PVX infection on plant growth
Plant height values measured at the end of the experiment were significantly different (p < 0.1) between treatments. PVX-SPCP1 did not seem to have an effect on plant height relative to the control but SA (1.5 mM) increased plant height; even a slight difference was observed in plants that were treated with the higher level of SA (3.5 mM) (Fig. 3 ). Significant differences (p < 0.05) were found in root length and root volume between control plants and SA-treated plants at 7 days post-treatment (dpt)/5 days post PVX inoculation (dpi) with the 3.5 mM SA dose ( Fig. 4 and S1 ). However, there were no significant differences (p < 0.05) for this parameter at the end of experiment. Other parameters such as number of root tips or root bifurcations showed similar variation among treatments (data not shown). The initial negative effect on growth of exogenous salicylic acid treatment has been well established, as such that SA action on growth depends on developmental stage and the SA concentrations tested [53] . In our experiment, both doses (1.5 mM and 3.5 mM) slightly stunted plant growth (height of plant, length and volume of roots) during the initial stages of development. However, by the end of the experiment, SA-treated plants had recovered with the lower dose (1.5 mM) resulting in a small increase in plant height (Figs. 3 and 4 and S1). Thus, the initial negative effect of exogenous SA pre-treatment (especially in the higher dose, 3.5 mM) and later recovery observed in tomato plants are reasonable within the broader context of the reported effects of SA in plants.
Physiological parameters
PVX-infected plants had lower photosynthetic rate (A) values, which were maintained in all SA-treated plants. Combining values at 7, 12 and 14 dpi, ANOVA indicated a significant negative effect of PVX infection on photosynthesis (p ¼ 0.0017) and a weak interaction in which the photosynthetic rate increased in PVXinfected plants after SA treatment (p ¼ 0.0842; Fig. 5A ). Similarly, the mesophyll conductance (g m ) increased significantly in PVXinfected plants after SA treatment (p ¼ 0.0081; Fig. 5B ). In contrast, dark respiration (R d ) increased in uninfected plants treated with SA and was unchanged in PVX-infected plants regardless of SA treatment (Fig. 5C ). As in previous work with the CP4-PVX strain [19] , SA restores the photosynthetic rate in SPCP1-PVX-infected tomato plants. According to results in the present study, this recovery could be attributed to a rise in mesophyll conductance (g m ), as previously reported in other plant-virus pathosystems [8, 21, 56] . Conversely, although SA treatment induced an increase in R d , potentially associated to the stimulation of alternative oxidase pathways [40] , this was only observed in the control plants, and does not explain the reported changes in photosynthetic rates. Furthermore, stomatal conductance (g s ) did not show significant differences between healthy and PVX-infected plants for any SA dose tested (data not shown).
Protein expression changes
Separation by 2-D gel electrophoresis of leaf protein extracts and comparative analysis with PDQuest software detected 85 nonredundant, differential spots from the various treatments. Sixtyone of these (78%) were identified by tandem mass spectrometry (Table 1 ). Fig. 6 shows spot location of the differentially expressed proteins in the tomato leaf proteome. Tables 2 and 3 show up or down regulation of protein expression observed in the experiment in which SA at 1.5 mM produced consistent results. Comparison of the proteomes of healthy, SA-treated (1.5 mM), and PVX-infected tomato plants at different sampling times showed that most differentially expressed proteins are involved in photosynthesis, electron transport, and plant stress responses, rather consistent with physiological changes induced by SA in our experiments and reported in other plant-virus interactions [8, 45] . Only values and comparisons with significant differences are shown in Tables 2 and  3 , and almost null values are excluded. All values, including protein variation in controls, are shown in the supplementary table for reference.
Primary metabolism
Proteins involved in ATP synthesis, glycolysis, carbohydrate biosynthesis and primary metabolism regulator were induced in all treatments: SA treated, SA þ V, and virus inoculated plants, suggesting activation of metabolic pathways related with energy availability and molecule biosynthesis (Tables 2 and 3 ). Plant responses from secondary metabolism have been intensively studied for decades, but less is known about the effect of phytopathogens on plant primary metabolism [69] . Recently, interest in this aspect of plant viral interactions has been increasing as, for instance, in the potyviruses [59, 68] .
Photosynthesis
One effect of pathogen invasion is altered photosynthetic and carbohydrate metabolic patterns, like ferredoxin-NADP-reductase (FNR), reflected as an incremental demand for assimilation by the plant tissues, is evidenced in the present study (Table 3) .
Another effect is that a large number of spots showing variation were related with RuBisCo proteins. We detected the RuBisCo enzyme complex involved in photosynthesis. It showed variations in the different treatments but it is difficult to compare them because the variation was too high between biological replicates. Overall, PVX-SPCP1-infection reduced the levels of RuBisCo fragments except in the case of RuBisCo small chain 3A/3C, where the effect was the opposite.
Another two proteins related with photosynthesis were downregulated in PVX-SPCP1-infected plants: photosystem II oxygenevolving complex protein 3 and photosystem I reaction center subunit II. Down regulation of effective photosystem II quantum yield has been reported for viruses such as Tobacco mosaic virus and Abutilon mosaic virus [41] , which is further confirmed by the physiological parameters measured in the present study. The inhibition of eÀphotosynthetic transport observed in virus infected plants is considered to be a result of reduction in the levels of proteins contributing to PSII [39] , and mainly those related to the lysis/water oxidation complex [50] . Hence, it is novel that we observed a tendency for recovery in the photosystem II oxygenevolving complex protein 3 in PVX-SPCP1-SA-treated plants (Table S1 ) that finally exhibited similar photosynthetic levels to healthy ones. SA treatment overall therefore seems to palliate, but not significantly recover reduced photosynthesis in infected plants.
The observed variation in protein levels related to Photosystem II (PSII) following SA treatment, including chlorophyll a-b binding protein 8, indicates that SA could play a role in the photosynthetic electron transport pathway, as reported by Ref. [31] . But, this effect was only clear after the first SA treatment, and there was no more significance during the course of observation (Table 2) .
A homolog to plastidic aldolases increased in abundance after two SA (pre-and post-virus inoculation) treatments (Table 2) . According to Ref. [26] a moderate decrease in plastid aldolase activity inhibits photosynthesis in potato plants. Thereby plastid aldolase increment following continuous exogenous SA treatment seems to improve photosynthesis. Although un-significant, PVX-SPCP1-infected plants showed a tendency to have lower aldolase levels compared with plants pre-treated with SA (Table 3) . These findings may be indirectly related to physiological data of photosynthetic recovery of virus-infected plants because of SA treatment.
Levels of another protein, chloroplast sedoheptulose-1.7-bisphosphatase (SBPase), which is a ferredoxin/thioredoxin regulator involved in the chloroplast photosynthesis pathway [44, 55] , significantly increased following SA post-treatment of PVX-infected plants in one instance. Alternatively, in healthy plants, SBPase levels decreased overall, though they did significant increase after one SA pre-treatment. The chloroplast photosynthesis pathway requires light to reduce NADP, which in turn reduces ferrodoxin/ thioredoxin, and subsequently SBPase. SBPase is converted it into its active form, found to have a strong correlation with increased photosynthetic carbon fixation activity [48] . The inverse effect of SBPase in healthy vs. SA and SA-PVX infected plants thus vindicates the positive effect of SA treatment on the photosynthetic process. Perhaps this finding could be a better base for exploring a concrete relationship between SA, virus infection and photosynthesis. In summary, SA has an indirect positive influence on photosynthesis by increasing expression of proteins involved in photosynthetic electron transport as well as the levels of plastid aldolase, RubisCo complex and SBPase (see Table 2 and Supplementary  Table S1 ).
Plant stress responses
Expression levels of some biotic and abiotic stress-related proteins significantly changed during the course of the experiments. The ethylene receptor 1 (ETR1), a receptor transferase implicated in cell wall callose deposition during defense [49, 51] , was increased four-fold in tomato plants after two SA treatments (pre-and post-) and six-fold upon PVX-SPCP1 infection. PVX-infected plants þ SA post-treatment then down-regulated and exhibited less relative ETR1; with levels similar to those of healthy plants. ETR1 expression levels may therefore indicate that cell wall callose deposition is an important response induced by SA and PVX-SPCP1 infection in tomato plants. This finding is in concordance with previous work, which pins ETR1 as a redundant negative regulator responsible for inhibiting ethylene production and causing a decrease in peroxidase activity [43] .
The PR-9 family of peroxidases is likely to function in strengthening plant cell walls by catalyzing lignin deposition in reaction to microbial attack [64] . Our results showed that the first SA pre-treatment initiates a significant PR-9-like up-regulation, thus hinting at induced cell wall growth (to interfere with posterior viral spread inside the plant). Further study is needed to confirm that this effect is truly happening and may actually be the explanation for the delay of PVX-infection in SA-treated plants, as suggested by Ref. [19] .
In general, pathogenesis related proteins increased just after SA pre-treatment only, concretely PR-6 and a PR-9-like proteins. No relevant variation was found (or was not evaluated due to lack of quantitative signal or no presence in all measured conditions) for either proteins in PVX-SPCP1 infected plants (Table 3 ) and after the initial SA effect (Table 2 ). PR-6 belongs to the sub-class of the serine proteinase inhibitor family, which may act by preventing completion of the viral replication cycles, thus conferring plant resistance as observed in our experiment [25, 27] .
Another protein, the subtilisin-like protease (subtilase) precursor significantly increased after two SA treatments (pre-and post-), whereas its levels were slightly decreased in PVX-infected plants. Proteases and protease inhibitors are important players of the so called plant-pathogen arms race. Previous studies have shown that in tomato the subtilases P69B and P69C were induced following pathogen attack and salicylic acid (SA) application [62] . In addition, subtilisin-like proteins have been identified during the tobacco-TMV mediated host resistance, suggesting important roles for plant virus defense responses (reviewed in Ref. [65] .
Superoxide dismutases (SODs) are enzymes known to participate in antioxidant networks [23] . SODs (CuZn-SOD and SOD-Mn) were found up-regulated in once SA treated plants (at 48 h posttreatment) [9] . Affirmed that changes in the expression levels of SOD proteins contribute to neutralization of the arsenal of ROS and organic hydroperoxides in plant tissues infected with virus. A similar variation was found in NAD(P)H-quinone oxidoreductase subunit H, which initially increased in abundance after the first SA treatment but later declined. These variations are among the Table 2 Variation of altered protein levels between healthy (C) and SA (salicylic acid dose: 1.5 mM) treated tomato (cv. Boludo) plants and SA treatment in time. Sub-index numbers indicate sampling times: T 1 ¼ 2 dpt/0 dpi, T 2 ¼ 7 dpt/5 dpi and T 4 ¼ 14 dpt/12 dpi. Only values where differences were consistent (variation coefficient 50% among replicates, spots present in all measured conditions, expression ratios 0.5 or ! 2.0, and in visu validated spots) are shown (T 1 corresponds with one SA treatment and T 2 and T 4 with two SA treatments, see Fig. 1 earliest temporal events following biotic and abiotic stress in plants [63] . NAD(P)H oxidase activity causes changes in the cellular pH, which can have an anti-pathogenic effect [57] , so the increment after SA pre-treatment could have an important role controlling initial PVX. SPCP1-infection, considering that increased ROS in stomatal guard cells regulates gas exchange by promoting stomatal closure [33, 34] . SA pre-treatment did not change ATPase levels but with time, the abundance of ATPases recovered and even increased. ATPases play a key role in the plant response to environmental stress. Research suggests that PM H þ -ATPases are dynamically regulated during plant immune responses. Quantitative proteomic studies in a bacterial pathosystems suggest complex spatial and temporal modulation of PM H þ -ATPase activity during early pathogen recognition events [17] , consistent with our results. A tendency is confirmed for PM H þ -ATP under PVX-SPCP1 infection (see Supplementary Table S1 ), but not significantly.
Our findings are consistent with other studies that affirm that SA pre-treatment confers thermotolerance [13, 14] , as the level of temperature-induced lipocalin (TIL1), an essential component for thermotolerance [10] was significantly altered after the first SA treatment, previous to virus inoculation. The heat shock protein 70 (HSP70), a chaperonin also involved in thermotolerance [37, 60] , was first down-regulated, but significantly increased in subsequent SA post-inoculations treatments. In the case of PVX-SPCP1-infected plants, nothing happened in the case of TIL1; however, a chaperonin 21 precursor was strongly up-regulated by PVX-SPCP1 infection and HSP70 increased because of SA treatments (see Tables 2 and 3 ). Chaperonin proteins are considered necessary or essential in some viral infections, so they participate in the construction of a viral replication complex and play various roles during viral infection [4, 28] . The association between heat shock proteins up-regulation, thermotolerance and viral infection has been referenced in different viral pathosystems [32] .
To conclude, we can say that proteomic analysis helps to understand the dynamic pattern of protein expression during different processes at different times, especially in overlapping effects, as PVX-SPCP1 infected plants indeed have reduced photosynthesis and SA offsets the impact of virus infection after two treatments (pre-and post-inoculation). PVX-SPCP1 induced symptoms in tomato plants disappeared after all SA treatments. The tomato defense response is enhanced following SA pretreatment. Both SA-treatment alone and SA-treatment coupled with PVX-SPCP1 infection induce plant stress responses, as evidenced by alterations in abundance of particular proteins. Further detailed and functional analysis of proteins exhibiting expression changes would elucidate their individual roles during the infection.
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